Hydrophobic powders were obtained via surface modification of silica or magnesium silicate with selected silanes. A modified precipitation method, carried out in an emulsion system, was used for monodisperse silica synthesis, while magnesium silicate was precipitated in a traditional water system. Functionalization of the obtained inorganic supports was performed with selected alkylsilanes: one newly synthesized, 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane (OPF), and two commercial, octadecylsilane (ODS) and octyltriethoxysilane C 14 H 32 O 3 Si (OCS), in amounts of 3, 5, or 10 weight parts by mass of SiO 2 . It was determined how the chemical modification of the silica or magnesium silicate surface affected its physicochemical properties. The dispersive characteristics of both unmodified and functionalized silica-based systems were evaluated. The morphology and microstructure of the samples obtained were analyzed using scanning electron microscopy. The parameters of porous structure of the prepared systems were evaluated on the basis of BET equation as well as nitrogen adsorption/desorption isotherms. Wettability tests as well as elemental analysis of the obtained inorganic oxide hybrids were also performed. In order to verify the effectiveness of silica and magnesium silicate surface functionalization with selected silanes, FTIR spectra were investigated. The resulting experimental data allowed calculation of the degree of coverage of the silica-based systems with modifying agents.
Introduction
Many methods for chemical surface modification of silica and silicate fillers have been proposed. The selection of a specific method depends on the scale of the process (laboratory, industrial), the thickness of the target layer, and the degree of modification [1] .
Since the activity of silica fillers depends mainly on their structure, much attention has been paid to the chemical character of surface and possibilities of its modification. An important problem is the modification of their surface by chemical reactions. First of all, the surface of silica and silicate is modified to improve their affinity to organic compounds, polymers in particular. This can be achieved by reduction of surface hydrophilicity and its energy as well as by the introduction of appropriate functional groups [2] .
Many methods have been proposed to perform the surface modification of fillers, including the sol-gel method (in which organofunctional groups are introduced onto, e.g., silica during its synthesis) [3, 4] , a method based on the use of water solvents (modification is carried out in a polar environment of water-methanol or water-acetone type) [5] , a method based on the use of organic solvents (carried out in anhydrous conditions, anhydrous organic solvent, and dehydrated surface, and the stage of silane hydrolysis being omitted) [6] [7] [8] [9] [10] , the method of self-organized monolayers (a variation of adsorption from liquid phase) [11] [12] [13] al., employing a two-stage silanization-alkylation procedure instead of alkylsilylation) [14] [15] [16] , and the gas phase method (fluidal bed) [17] [18] [19] .
Modification is a complex process depending on many parameters, including the type of solvent, the type and concentration of modifying substance, pH, duration, and the catalysts used. The process involving surface wetting of the substrate is performed in a reactor that should ensure minimum consumption of the modifying agent (the solvent) and the modifier (the proadhesive compound). In the process, the silane coupling agents are attached to the functional silanol groups of the powder substance via the mechanism of electrophilic substitution [20] [21] [22] [23] [24] .
An addition of a small amount of an organofunctional silane to a certain filler significantly improves its binding ability with organic and/or bioorganic compounds and thus improves the physicochemical properties of final polymer products. Apart from the above application, silane coupling agents are used to enable bonding of metal complexes (catalysis) or enzymes (biochemistry) and to permit the separation of mixtures of hydrocarbons (chromatography).
In the process of modification, organofunctional silanes are deposited from a solution, emulsion, or water suspension. In water media, two processes take place: hydrolysis and condensation. The rate of hydrolysis depends on the concentration of silane, the pH of the solution (pH > 10 and pH < 5 give a high rate, pH near 7 gives the slowest rate), and the character of the functional groups of silanes and alkoxy groups [20] [21] [22] . Hydrolysis is catalyzed by hydronium ions H 3 O + , hydroxyl ions OH − , Lewis bases, and some metals. Hydrolysis is followed by silane condensation, which is slowest at a pH of 4-5, so this is the optimum pH of the reaction environment, ensuring fast hydrolysis and slow condensation.
Surfactants (anionic, cationic, and non-ionic) [24] [25] [26] [27] [28] [29] and proadhesive compounds (silanes: titanates, borates, phosphates, zirconates, and hafnates) [30] [31] [32] [33] [34] [35] [36] are commonly used modifiers. Modification significantly extends the range of application of a given silica-based filler. Modified silicates with reduced wettability are used in the construction of sunlight collectors, elements of touch panels for optical and other devices used in industry, and motor vehicles and household utensils and also in the production of new types of textile products [37, 38] .
The aim of this study was to obtain silica-based systems characterized by well-defined physicochemical properties including high degree of dispersion and high hydrophobicity, by means of surface functionalization with selected alkylsilanes. (Table 1) .
Experimental

Synthesis of Fluorocarbofunctional Triethoxysilane (OPF).
Synthesis of OPF was carried out in a two-stage process. In the first stage, allyl-fluoroalkyl ether was obtained via the Williamson reaction, using fluoroalkyl alcohol and allyl chloride. Then the allyl-fluoroalkyl ether was subjected to hydrosilylation with triethoxysilane in the presence of siloxide rhodium complex as catalyst [39] (Figure 1) . 1,1,2,2,3,3,4,4-octafluoropentyl allyl ether in a quantity of 20.4 g (75 mmol) and rhodium catalyst in a quantity of 0.22 g (10
were placed in a three-neck round-bottom flask equipped with a thermometer, condenser, and magnetic bar. Then 11.5 g of triethoxysilane (70 mmol) was introduced, and the solution was heated up to 60 ∘ C and kept at that temperature for 1 h. After the reaction was completed, the solvent and excess of olefin were evaporated under vacuum to give the product in a quantity of 29.9 g (98% of the theoretical yield).
The product structure was confirmed by NMR analysis. 1 
Procedures and Methods
Precipitation of Silica.
Precipitation of the silica support took place in a two-emulsion system. The first emulsion, E1, was formed using 5% solution of sodium silicate (as silica precursor), cyclohexane (as organic phase), and nonionic surfactants NP3 and NP6 in quantities of 2.3 g and 2.5 g, respectively (as emulsifiers). Emulsion E2 was formed with a 5% solution of hydrochloric acid, cyclohexane, and a mixture of the same emulsifiers but in quantities of 1.5 g and 1.3 g, respectively. Before the precipitation process, emulsion E2 was placed in a special reactor equipped with a high-speed homogenizer, to which homogenized E1 was added at a constant rate of 10 cm 3 /min. As a result of the reaction, an emulsion containing silica was obtained. Then the reaction system was heated up to 80 ∘ C, in order to destabilize the emulsion, and after that it was possible to separate the organic phase using a vacuum evaporator made by Büchi Labortechnik GmbH. The mixture was filtered off under reduced pressure and the filtrate was washed with hot water and then with acetone in order to remove surfactant residues. Finally, the sample was dried by a convection method at 105 ∘ C for 48 h, using a MEMMERT dryer.
Precipitation of Magnesium Silicate.
Highly dispersed magnesium silicate was precipitated in a reactor of 10 dm 3 in capacity (made by QVF MiniPlant PILO-TEC) equipped with a high-speed stirrer (1000 rpm). The precipitation reaction was carried out at room temperature. At the beginning of the process, a certain volume of a 5% solution of magnesium silicate was placed in the reactor, to which a 5% solution of sodium silicate was introduced using a peristaltic pump at a constant rate of 20 cm 3 /min. The process lasted for about 5 h. The precipitate was separated from the postreaction mixture by filtration, and then the filtrate was washed a few times with hot, distilled water to remove residues of unreacted salts. Then the samples were dried at 105 ∘ C and classified.
The silica and the magnesium silicate obtained were subjected to a comprehensive range of tests to evaluate their physicochemical properties.
Surface Modification of Silica and Magnesium
Silicate by Chemical Method. The inorganic powders obtained were subjected to surface modification with selected silanes (see Table 1 ) used in quantities of 3, 5, and 10 weight parts by mass of SiO 2 . Modifying agents were first hydrolyzed in a methanol/water system (4/1, v/v) with a controlled pH value being maintained in the range of 4-5. After that, the modifying mixture was sprayed onto the surface of the filler. Modification was performed using a vacuum evaporator, to which the mixture of obtained silica or silicate together with the modifying agent was introduced. In this way, it was possible to remove the organic solvent (methanol) from the reaction mixture. The process lasted for 1 hour.
Physicochemical Properties of the Obtained Hybrids.
The dispersive characteristics (particle size distributions) of the fillers obtained were evaluated with a Zetasizer Nano ZS and a Mastersizer 2000, both made by Malvern Instruments Ltd., using the noninvasive backscattering (NIBS) method and laser diffraction technique, respectively. These two devices enable the measurement of particle sizes in different ranges: 0.6-6000 nm and 0. means that 50% of the particles possess a diameter less than a given value. Thus, the term D[4.3] is described as mean particle diameter calculated form the whole sample volume. The morphology and microstructure of the samples were determined using a scanning electron microscope (Zeiss EVO40). The observations permitted evaluation of the degree of dispersion, the structure of particles, and the nature of agglomerations. The effectiveness of the functionalization process was also evaluated on the basis of zeta potential measurements. Zeta potential was measured by the electrophoretic light scattering method using a Zetasizer Nano ZS instrument equipped with an autotitrator made by Malvern Instruments Ltd. The electrokinetic potential was measured in the presence of a 0.001 M NaCl electrolyte. Measurements were performed in the pH range from 1.5 to 11, which enabled the determination of the electrokinetic curves. The standard deviation of the zeta potential at a given pH was ±1.5 mV or less, and the error in the pH was estimated to be 0.05 pH units or lower. The degree of modification of the inorganic supports with selected alkylsilanes was determined using a FTIR EQUINOX 55 spectrophotometer made by Bruker. The obtained fillers were subjected to FTIR analysis after tabletting using KBr. The chemical composition of the modified fillers was determined using a Vario EL Cube apparatus made by Elementar Analysensysteme GmbH and using a Specs Phoibos-100 spectrophotometer operating based on the XPS (X-ray photoelectron spectroscopy) method. Parameters of porous structure (surface area and pore size distribution) were also evaluated for selected samples. Measurements were made using an ASAP 2020 instrument made by Micromeritics Instrument Co. operating on the basis of low-temperature nitrogen adsorption.
In order to characterize the hydrophilic/hydrophobic character of the obtained fillers, they were subjected to wettability tests, performed by the sorption method using a K100 tensiometer (Krüss). Measurements were performed for about 600 s, until the sample attained a constant mass.
Results and Discussion
In the first stage of the research, a comparative analysis was carried out on the dispersive and morphological properties (SEM observations) of unmodified silica and SiO 2 functionalized with 5 weight parts by mass of 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane (OPF), octadecylsilane (ODS), and octyltriethoxysilane (OCS) (Figures 2  and 3 ). (Figure 2(d) ). Monodisperse particle size distribution was obtained only for unmodified silica, and the dominant volume contribution of 38.3% was recorded for particles of 531 nm in diameter. Modification of the silica surface resulted in an increase in the particles' tendency to agglomerate (presence of secondary agglomerates). The sample modified with 5 weight parts by mass of ODS is characterized by bimodal particle size distribution; the two bands correspond to particle diameters in the range of 91-295 nm and 1480-6440 nm, respectively. Similarly, the particle size distribution of the sample modified with 5 weight parts by mass of OPF is also bimodal, with the two bands covering the particle diameter ranges of 142-255 nm and 2670-6440 nm (Figure 2(b) ). The SEM image of unmodified silica (Figure 3(a) ) confirms the high homogeneity and spherical shape of the particles, with low tendency towards agglomerate formation, which is also confirmed by the low polydispersity index of 0.289. The SEM image of silica modified with 5 weight parts by mass of OPF also confirms the presence of spherically shaped particles, but they are less regular and tend to form agglomerates (Figures 3(b)-3(d) ). The polydispersity index of this sample is 0.460.
As follows from the literature [40] [41] [42] , the alkoxysilanes, especially those containing =NH or -NH 2 groups, have been mostly used for surface modification of emulsion silicas and induce a considerable increase in the tendency towards formation of primary and secondary agglomerates. The SEM images presented in Figures 3(e)-3 (f) also confirm that the particles' tendency to form agglomerates in the sample of silica modified with applied silanes is greater than in the unmodified SiO 2 . Microscopic observations are in agreement with particle size measurement results. Figure 4 allows a comparison of the particle size distributions obtained for both unmodified and magnesium silicate modified with 5 weight parts by mass of the three different silane coupling agents. Table 2 gives the dispersive characteristics of magnesium silicate-based fillers. As follows from these data, the modification process of MgO⋅SiO 2 causes small changes in the particle sizes of the obtained fillers. The unmodified magnesium silicate is composed of particles with diameters ranging from 1 to 100 m. The dominant volume contribution of 5.01% is recorded for particles 39.8 m in diameter ( Figure 4 and Table 2 ). Analysis of the results shows that in this sample 10% of particles have diameters not greater than 3.8 m, 50% have diameters not greater than 22.5 m, and 90% have diameters smaller than 73.6 m. The mean diameter of particles D [4.3] Figure 5 . Figure 6 (a) presents a comparison of the dependencies of zeta potential on pH for unmodified silica and for the samples modified with 5 weight parts by mass of selected silanes. Modification with silanes leads to the introduction of new chemical groups on the silica surface, which changes its initial properties and also the surface charge, manifested by the values of zeta potential.
Electrokinetic potential of unmodified silica is negative in the entire pH range studied and the isoelectric point (IEP) was reached at pH close to 1.7. The unmodified silica is characterized by high electrokinetic stability for pH values ranging from 4 to 11, which is manifested by zeta potential values from −30mV to −52 mV. The most pronounced changes in the electrokinetic properties were noted as a result of silica modification with 5 weight parts by mass of OPF, while the changes caused by modification with 5 weight parts by mass of OCS and ODS with respect to the curve obtained for the unmodified silica sample were insignificant. Modification of the SiO 2 surface with OPF results in a significant shift of the electrokinetic curve towards higher pH, relative to that for the unmodified sample. Sample modified with OPF is stable at pH from 6 to 11 and its zeta potential values vary from −2 to −33 mV over the pH range analyzed.
The character of electrokinetic curves is an indirect confirmation of the effectiveness of the proposed method of surface modification.
In the case of magnesium silicate grafted with different silanes, changes in the electrokinetic properties was not much significant. Magnesium silicate-based samples are characterized with zeta potential range of 10-(−48) mV. In the pH range of 3-12 all samples have negative zeta potential values with the highest negative value of −48 mV obtained for the sample modified with 5 weight parts by mass of OPF silane. In comparison to the silica-based fillers, all samples of MgOSiO 2 grafted with silanes exhibit IEP (isoelectric point-pH at which zeta potential is 0) which value is determined by its higher base surface character and the surface charge changes caused by modification process. Unmodified magnesium silicate has IEP at pH = 3; on the other hand, sample modified with 5 weight parts by mass of ODS-pH = 3.3 and samples modified with 5 weight parts by of OPF and OCS-pH = 3.6.
The effectiveness and chemical nature of the modification process were evaluated on the basis of FTIR spectra. Figure 7(a) shows the FTIR spectra of raw silica and SiO 2 functionalized with 5 weight parts by mass of three different alkylsilanes. The FTIR spectra show common bands assigned to various vibrations in the solid network. The analysis of those spectra revealed the broad band centered at around 3470-3450 cm −1 which corresponds to the overlapping of the -OH stretching bands of hydrogen-bonded water molecules as well as Si-OH stretching of surface silanols hydrogenbonded to molecular water. Furthermore, the Si-O in-plane stretching vibrations of the silanol Si-OH groups appear at around 960 cm −1 , and the absorption bands corresponding to the adsorbed water molecules deformation vibrations appear at 1653-1634 cm −1 which is in agreement with [43] . The absorption of water molecules on the surface of such powders is due to the existence of the surface silanol groups and therefore to the hydrophilic nature of those materials. The intense silicon-oxygen covalent bonds vibrations appear mainly in the 1200-1000 cm −1 range, revealing the existence of a dense silica network, where oxygen atoms play the role of bridges between each two silicon sites. The very intense and broad band appearing at 1095-1089 cm stretching vibrations as also presented in [44] . On the other hand, the symmetric stretching vibrations of Si-O-Si appear at 800 cm −1 and its bending mode appears at 469-467 cm
which is in agreement with [43] . The FT-IR spectrum of silica modified with 5 weight parts by mass of OPF shows that the bands attributed to the stretching vibrations of -CH groups (2965-2850 cm −1 ) as well as of -CH 3 groups become much more intensive. The increase in the intensities of these peaks is coupled to the increase of the intensities of the C-H deformation peaks appearing between 1466 and 1379 cm −1 . This spectrum also shows peak at 1341 cm −1 that could be assigned to the -CH 2 -deformation vibrations of the propyl group. Thus, the spectrum of silica modified with 5 weight parts by mass of OCS shows very intense asymmetric and symmetric C-H stretching vibrations between 2930 and 2858 cm −1 . The existence of these intense bands is due to the large number of -CH 2 groups in the octyl-modified silica material, showing their rocking vibrations at 723 cm −1 . The existence of these octyl-surface groups is coupled with an increase of the hydrophobicity of the samples shown by the decrease of the intensities of the surface-absorbed water at 3450 and 1635 cm −1 . FT-IR spectrum for sample modified with 5 weight parts by mass of ODS shows an increase in the intensities of the CH 3 (from ](C-H)) 2956 cm −1 , -CH 2 2913 and 2848 cm −1 , and C-H deformation peaks appearing between 1466 and 1379 cm −1 . The spectra showed peaks at 1341 cm −1 that could be assigned to the -CH 2 -deformation vibrations of the silane group which is in agreement with [45, 46] . Figure 7 shows IR spectra of unmodified silicate and powder modified with 5 weight parts by mass of different silanes. The FTIR spectra confirm the hydrophilic surface character of the magnesium silicate result from the process of its precipitation in a polar medium. [47, 48] . The absorption band covering the range of 3850-3150 cm −1 is attributed to water adsorbed on the surface of silicate, the same as in the case of silica (Figure 7(a) ). Modification of magnesium silicate with different silanes results in the same changes in the FTIR spectra and presence of the same groups characteristic for modifier molecules as compared to silica spectra, but less intensive.
The effectiveness of modification and the degree of coverage of the inorganic support with the applied modifiers were estimated on the basis of elemental analysis and Xray photoelectron spectroscopy (XPS). The content of carbon, hydrogen, oxygen, fluorine, silicon, and magnesium in the structure of the samples was determined. Percentage contributions of the above-mentioned elements are given in Tables 3 and 4 . According to the data collected, the content of fluorine on the surface of both fillers (silica and magnesium silicate) increases with increasing quantity of alkylsilane applied in the process of modification. The quantity of fluorine in the silica sample modified with 10 weight parts by mass of OPF was 23.10% atm., while in the magnesium silicate sample modified with the same amount of the same modifier it was 8.07% atm. An increasing amount of modifier also caused an increase in the content of carbon, from 1.72% for unmodified silica to 6.27% for silica modified with 10 weight parts by mass of ODS and from 0.00% to 3.59% for unmodified and ODS-grafted magnesium silicate, respectively. The degree of coverage of the support surface with selected modifier also increases with increasing amount of silane used, reaching a maximum value of 7.61 mol/m 2 for 10 Journal of Nanomaterials silica modified with 10 weight parts by mass OPF, while for magnesium silicate modified with the same alkylsilane in the same amount the degree of coverage is 0.30 mol/m 2 . To verify the possibility of using the silicas and magnesium silicate as adsorbents and polymer fillers, their parameters of porous structure were characterized, based on BET equation as well as nitrogen adsorption/desorption isotherms. Table 5 presents the parameters of porous structure of functionalized silica and silicate fillers. Irrespective of the modifier used, a decrease in the values for the surface area of functionalized hybrid fillers was observed, which indirectly testifies to the effectiveness of modification process. For silica-based fillers the highest value of surface area was found for unmodified silica (48 m 2 /g), and the lowest one (17 m 2 /g) for silica modified with 10 weight parts by mass of ODS. The surface area of unmodified magnesium silicate is 480 m 2 /g, which is much higher than that obtained for the hydrophobized samples. In turn, the lowest surface area of 310 m 2 /g was obtained for the sample of MgO⋅SiO 2 functionalized with 10 weight parts by mass of OCS.
Besides the introduction of functional groups, the functionalization process is also intended to enhance the hydrophobicity of the samples relative to that of the raw silica or magnesium silicate. The hydrophilic/hydrophobic properties of the samples were evaluated on the basis of wettability profiles (Figure 8 ). Analysing the experimental data, an increase in the hydrophobicity of the modified samples was noted. The smallest mass increase, and thus the weakest affinity to water, was established for the silica and magnesium silicate samples modified with 5 weight parts by mass of OPF (Figures 8(a) and 8(b) ).
Many previously published papers have been focused on the silane-functionalization of inorganic fillers, but the novelty of the present work is the application of newly synthesized fluorosilane for this purpose. Using this silane for modification of fillers will probably extend the range of their functionality and utility.
Conclusions
Modification of silica and magnesium silicate carried out with 3- (2,2,3,3 resulted in increased hydrophobicity of the hybrid fillers and pronounced agglomeration of the products' particles. The products with optimal physicochemical parameters (relatively high homogeneity and hydrophobicity) proved to be those modified with 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane. Based on electrokinetic properties evaluation, it was confirmed that this kind of oxide systems is characterized by high electrokinetic stability, especially in alkaline pH range. Moreover, functionalization of oxides surface with selected silanes (especially with OPF) significantly affect the measured values of the zeta potential and the electrokinetic stability. Performed FTIR and XPS spectral investigations as well as elemental analysis results proved the chemical nature of interactions and the effectiveness of the modification process.
Surface modification of silica-based fillers with 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane caused the smallest decrease in the surface area, even when used in the amount of 10 weight parts by mass. Due to obtained results, it is expected that inorganic powders modified with OPF will be successfully applied as functional fillers in selected polymer composites, as an alternative for commonly used silanes.
